My long-term goals are to improve our understanding of the seabed on the continental shelf and slope and its evolution over geologic time, as well as to enhance our ability to extract geologic information about the seabed from geophysical data.
OBJECTIVES
The specific objectives of this project are to:
(1) Model the potential changes to the seismic response of the seabed offshore of river mouths caused by flood sedimentation and storm reworking (addresses EuroSTRATAFORM Task D2).
(2) Constrain the time and space scales over which different shelf and slope processes produce a stratigraphic record that is detectable in seismic reflection data (addresses EuroSTRATAFORM Task D5).
(3) Model what is and is not preserved of the stratigraphic record across continental shelves and slopes over geologic time (addresses overarching goal of EuroSTRATAFORM).
Last year's annual report documented progress made on all three objectives mostly by summarizing findings presented in Pratson et al. (in press ). The report went on to highlight two new directions of research one of which was experimental modeling of the cause for seismic reflections. This report updates achievements on this newer effort made during FY06.
APPROACH
A central tenant of seismic sequence stratigraphy is that seismic reflection horizons in sedimentary strata are "timelines", i.e. chronostratigraphic horizons that follow paleo-depositional surfaces (Vail et al., 1977) . This perspective significantly broadens the meaning of seismic horizons to be more than reflections from changes in impedance. It implies that the impedance changes result from one depositional unit being laid down upon a previous unit, thus allowing reflections to be directly tied to strata formation, and in turn the strata formation related to different sedimentary environments during past changes in (relative) sea level.
Studies have gone on to show that the occurrence of reflection horizons in seismic images of strata can have far more complicated causes and that they can be totally unrelated to paleo-depositional (e.g., the "bottom simulating reflectors" caused by gas hydrates (MacKay et al., 1994) and "hard geopressure" seismic horizon caused by overpressured pore waters (Dutta, 2002) , both of which are distinguished by cutting across rather than following bedding surfaces). However, the issue of how uniform the sediments above and below a paleo-depositional surface can be before it is no longer seismically resolvable has not been pursued. We address this question here by experimentally investigating whether a buried paleo-depositional surface can still be seismically imaged even as the compositional difference between the strata above and below the surface is reduced to nothing.
WORK COMPLETED
To create the paleo-depositional surface, a pulse of glass micro-spheres was allowed to settle to the base of a 1.5 m high tube filled with water. After several hours, a second pulse of the spheres was settled through the tube to produce two successive 10 cm thick deposits. This procedure was carried out in four settling tubes with the only difference between them being the range in size of the mix of microspheres used (Figure 1 ). From one tube to the next, the mixtures were stepped down from the broadest distribution of 80-450 µm to an initial mix consisting of only a single sieve size -450 µm.
The four sets of deposits were acoustically imaged using a single broadband immersion transducer placed 20 cm from the top surface of the upper deposit. The transducer has a central frequency of 250 KHz excited by a 900-volt pulser/receiver. This measurement frequency is significantly higher than that commonly used in oil and gas exploration (e.g., 20-100 Hz), but the exact frequency is unimportant for seismic waves of any frequency will register an impedance contrast if it exists. Ten pings were generated with the reflected signals being captured by the same transducer and recorded by a PC-based, 16-bit digital oscilloscope with a sampling rate of 2.5 ms.
Afterwards, the micro-sphere deposits were dried for 48 hours at 75°C and impregnated with dyed epoxy under a vacuum. After the epoxy had hardened, the deposits were thin sectioned. These thin sections were photomicrographed and digitized as binary black and white images, with black areas corresponding to pore space and white areas micro-spheres. Variations in mean grain size down the vertical axis of the thin sections were computed from the binary digital images using the spatial autocorrelation technique of Rubin (2004) . Mean porosity measurements along the same direction were also made from the images using a simple Matlab algorithm, which tallied up the percentage of black pixels across each row in the image.
RESULTS
In all four experiments, the high-frequency sonar recorded a reflection from the paleo-depositional surface between the first and second deposits (Figure 1 ). The strength of this reflection decreased as the distribution of grain sizes in the deposits narrowed and they became compositionally more similar. However, even the interface between the deposits composed of sands from a single sieve size generated a measurable reflection. The measured reflections indicate that the experimental paleodepositional surfaces also became surfaces across which there was a change in impedance (bulk density times bulk acoustic velocity). Since the sediments possess the same grain velocity throughout, i.e. that of glass, the impedance contrasts had to result from changes in grain packing across the interface between the deposits. This in fact was seen in the thin sections of the deposits. In all four sets of deposits there was a step increase in porosity above the paleo-depositional surface (Figure 1 ). This increase was partly due to coarser-grained (faster-settling) sediments at the base of the upper deposit sitting on finer-grained (slower-settling) sediments that formed the top of the lower deposit. However, the latter sediments were also more tightly packed making the paleo-depositional surface visible to the naked eye even when the grains above and below the interface were essentially the same size.
IMPACT/APPLICATIONS
The step increase in porosity varied from ~10% in the deposits with the broadest mix of grain sizes to ~5% in the deposits composed of sands from the single sieve size. Simple manipulation of the equations for bulk density ( ρ bulk = 1− φ [ ] ρ grain + φρ water ), impedance ( I = ρ bulk c bulk where c bulk is the compressional sound speed of the sediment-water mixture) and reflectivity
the sediments used in the experiment indicate that each 1% change in porosity should produced about a 1% change in bulk density, and each 2% change in bulk density should lead to about a 1% change in reflectivity. Thus, the measured porosity changes would predict reflectivities for the paleo-depositional surface of 0.02-0.05. However, the measured reflectivities appear to be 2-3 times larger. There are difficulties in accurately determining reflection coefficients even from highly controlled experimental seismic data. The measured reflectivities though are clearly greater than can be accounted for by the observed porosity changes, indicating that some other change has also occurred and that its impact on the acoustic response of the sediments is of the same order of magnitude and thus significant.
One likely candidate is that the variation in grain packing across the paleo-depositional surface altered the bulk elastic moduli of the sediments as well as their porosity. Another is that packing variations produced velocity gradients that amplified reflections through constructive interference. Recent studies in dry granular materials support the idea that the grain microstructure can significantly affect acoustic properties. This is likely to be particularly true near the point were the grain structure first rigidifies, a point that is often referred to as the jamming point. From theory, one expects that the jamming point be determined by the packing fraction, π = 1− φ , of the granular material. Dry granular materials consisting of relatively heavy particles frequently have π's that are well above jamming, just from the effect of gravitational settling. However, lighter particles that have settled through a background fluid such as air or water, are likely to be much closer to the jamming point. This means that small changes in microstructure induced acoustically can feedback strongly into acoustic propagation. And if there is an interface between two different regions of only slightly rigid packing, scattering from the interface should be important. If true, then the finding could help explain the occurrence of reflection horizons in seismic data of uniform sediments, both in the nearshore (sands) and deep sea (muds). It would also suggest that sediments may contain a much higher-resolution record of burial than has previously been considered, one that may even be acoustically detectable.
